We demonstrate that familial hypertrophic cardiomyopathy (FHC), an autosomal dominant disorder of heart muscle, is a genetically heterogeneous disease. The locus responsible for FHC in members of one large kindred was recently mapped to chromosome 14q11-12 (FHC-1). We have characterized three additional unrelated families in which the gene for FHC segregates as an autosomal dominant trait to determine if these disease loci also map to FHC-1. All family members were clinically studied by physical examination, electrocardiogram, and two-dimensional echocardiography. Genetic studies were performed using DNA probes which are derived from loci that are closely linked to FHC-1. In one family the genetic defect maps to the previously identified FHC-1 locus. However, the loci responsible for FHC in two other families were not linked to FHC-1. We conclude that FHC can be caused by defects in at least two loci and is a genetically heterogeneous disorder. (J. Clin. Invest. 1990. 86:993-999.)
Introduction
Familial hypertrophic cardiomyopathy (FHC)1 is a primary disorder of cardiac muscle that is inherited in an autosomal dominant fashion (for reviews see 1, 2) . It is characterized clinically by a spectrum of symptoms including dyspnea, chest pain, syncope, and sudden death. The pathologic findings of the disease include increased myocardial mass with right and/ or left ventricular hypertrophy and myocyte disarray. There is significant heterogeneity in the clinical and pathologic expression of FHC (1) found in affected individuals from the same 1. Abbreviations used in this paper: FHC, familial hypertrophic cardiomyopathy; LOD, logarithm of the odds; LVH, left ventricular hypertrophy; LVWT, left ventricular wall thickness; RFLP, restriction fragment length polymorphism.
family, all of whom must bear the same genetic defect. The extent, distribution, and severity of myocardial hypertrophy may vary considerably and clinical symptoms can be debilitating, mild, or absent. Because of the variability in symptoms and diagnostic findings in affected individuals within families, clinical parameters which might distinguish different genetic etiologies between families have not been demonstrated. Thus, whether FHC is caused by defects in a single gene in all families, or whether it is genetically heterogeneous and caused by defects in different genes in unrelated families, is uncertain.
A number of diseases inherited as autosomal dominant traits, including polycystic kidney disease and neurofibromatosis, have been shown to be genetically heterogeneous (3, 4) . The method for demonstrating genetic heterogeneity is now well defined (5) and requires three prerequisites: first, the map position of the locus responsible for the disease in one family must be identified; second, DNA markers that are linked to this locus and that recognize restriction fragment length polymorphisms (RFLPs) in human DNA must be available; third, a number of families in which the disorder segregates must be identified. Then, the co-inheritance or lack of co-inheritance of the disease with the linked loci can be defined, and the genetic heterogeneity or homogeneity of the disease ascertained.
We have recently mapped the FHC locus segregating in a large kindred to chromosome 14 family member with an abnormal physical examination or electrocardiogram. Echocardiography was performed as previously described (6) . Measurements of wall thickness and cavity dimensions and the presence or absence of systolic anterior motion of the mitral valve were determined according to established protocols (9, 10 Linkage analyses. Blood samples obtained from family members numbered in Fig. 1 were used to establish lymphoblastoid cell lines by Epstein-Barr virus transformation, as described previously (13, 14) . DNA isolated from cell lines was used for genetic studies. RFLP analyses were performed to define alleles present in each family member using three DNA probes that are closely linked to the FHC-1 locus (6, 7 (16) . This probe recognizes a 3.5-kb fragment (allele 1, allele frequency 0.68) and a 1.6-kb fragment (allele 2, allele frequency 0.32) (17) .
Two of us analyzed the restriction fragment pattern identified by each DNA probe, independently and without knowledge of each family member's disease status, to determine the alleles present in an individual. A set of LOD (logarithm of the odds) scores was then ascertained for each DNA probe at given recombination fractions, 0, using the computer program MLINK (18) . A LOD score represents a ratio of the probability of observing co-inheritance of two loci assuming they are linked, to the probability ofdetecting co-inheritance ofloci assuming they are unlinked. LOD scores above +3 indicate that the observed data are 1,000-fold more likely to occur if the analyzed loci are linked than if they are unlinked, and is generally accepted as evidence of linkage. A LOD score of less than -2 is generally accepted to disprove linkage between a pair of loci at a given distance.
Multipoint analyses were performed using the LINKMAP program (19) , assuming that the penetrance of the FHC gene is 0.95 (7). The physical order of probes used in multipoint analyses was based on linkage order data obtained by evaluating alleles identified by probes CRI-L436, CRI-L329, and pSC14 in unaffected individuals (7) . Frequencies used in linkage calculations were determined independently in the population studied.
Data were also analyzed with the admixture test ofgenetic homogeneity (5) . This test compares the likelihood that all families are linked to the marker loci with the likelihood that some of the families are linked and some of the families are not linked. This analysis was carried out with the computer program HOMOG (20) .
Results
The four families analyzed in this study are shown in Fig. 1 . Family A is a large French-Canadian kindred described previously (6 Sudden cardiac and disease-related mortality was common in these families. 20 individuals from family A died prematurely (before age 45). 7 of 12 disease-related deaths were sudden; 2 deaths were of noncardiac causes; and 6 deaths were of undetermined causes. Deaths in affected individuals of family B were disease-related in three, of which one was sudden (age 16). Two individuals died prematurely in family C, one at age 30 (cerebral vascular accident), and one suddenly at age 22. Individual 11-5 of family C was successfully resuscitated from ventricular fibrillation. Five individuals from family D had disease-related deaths; one occurred while awaiting cardiac transplantation (age 44) and four were sudden (ages 14, 43, 53, and 69).
Contingency table analyses were performed to determine if differences in symptoms or diagnostic findings (Table I) could be distinguished between these families. Only the symptom of chest pain was discriminating, being absent from all members of family D, but found in some affected members of all other families (P < 0.05). One-factor analysis of variance was performed to investigate differences between families in left ventricular wall thickness (LVWT) and left atrial size by echocardiogram. Mean LVWT was not significantly different between families, whereas left atrial size differed between members of family C and members of families A and D (P < 0.05).
Linkage analysis. We have previously shown that FHC-1 is closely linked to locus D 14S26 identified by probe CRI-L436 (6). There was complete concordance between inherited alleles defined by probe CRI-L436 and disease status in family A (0 recombinants among 37 informative individuals, Fig. 1 ). The locus D14S26 is closely linked (4 cM) to locus D14S25, defined by probe CRI-L329 (15), and to the cardiac A myosin heavy chain gene, identified by probe pSC14 (2.2 cM) (7). We have recently shown that the FHC trait cosegregates with alleles defined by pSC 14 in family A (7). If defects in the FHC-1 locus were responsible for disease found in members of families B, C, and D, we would have expected to find co-inheritance of the alleles defined by these three probes and disease.
Linkage between the locus responsible for FHC in families B, C, and D and each of the marker loci was assessed using two-point linkage analysis (Table II) . LOD scores were calculated after assigning alleles defined by three probes, CRI-L436, CRI-L329, and pSC14, and determining the disease status of family members.
The small LOD scores achieved with probes CRI-L436 and CRI-L329 in family B indicate that only a limited number of informative individuals were detected with these probes (CRI-L436: two informative meioses; CRI-L329: three informative meioses). Analysis of family B with probe pSC 14 demonstrated a new allele of 2.8 kb, designated allele 3, in addition to previously characterized alleles 1 (3.5 kb) and 2 (1.6 kb) (16) . Allele 3 was inherited by all affected members of this family (Fig. 1) . Probe pSC 14 demonstrated significant linkage between the cardiac myosin f heavy chain gene and the gene responsible for FHC in family B (Table II) Two-point linkage analysis of four families with probes CRI-L436, CRI-L329 and pSC 14. LOD scores are presented at various recombination distances and were calculated using the MLINK computer program with an assigned penetrance of 0.95 and published gene frequencies (see Methods).
0 cM (Fig. 1) , suggesting that the gene defect responsible FHC in members of these families is not located on chromosome 14 band ql 1-12.
Multipoint analysis allows for the determination of disease linkage to a set of marker loci whose relative locations are known (18) . Thus, multipoint analysis provides an estimation of the likelihood that the disease gene is located at a given position with respect to a map of known loci. Multipoint analysis was performed using the following order of loci: MHC-D 14S26-D14S25 (the most likely order ofthese loci) (7). Fig. 2 strating that FHC is genetically heterogeneous in these families. The admixture test further allows calculation of a posterior odds of linkage, which defines the probability that one of the study families is linked to particular marker loci (Fig. 2) . Thus, the genetic defect responsible for FHC in members of families A or B is linked to FHC-I (odds greater than 99 in 100), while the defect responsible for FHC in members of families C or D is not linked to FHC-1 (odds less than 7 in 1,000).
Discussion
Familial hypertrophic cardiomyopathy is a heterogeneous disease by clinical, echocardiographic, and pathologic criteria (1, 9, 10) . The results of this study conclusively demonstrate that FHC is a genetically heterogeneous disease as well. Using three DNA probes from chromosome 14 band q1, we have shown that the genetic defect responsible for FHC in members of families A and B is closely linked to this region ofchromosome 14. However, the probability that the gene defect responsible for the disease in members of two other families (C and D) maps to FHC-l is less than 1 in 10,000. We have designated the FHC locus on chromosome 14 q I 1-12 as FHC-I and anticipate that there will be other FHC loci identified elsewhere in the genome.
The location and number of other FHC loci remains uncertain. The data presented do not suggest how many other genes, unlinked to the FHC-I locus, can cause disease. At present we cannot determine whether the gene responsible for FHC in affected members offamily C is the same as the disease gene in affected individuals of family D. Further, since a limited number of families have been genetically analyzed to date, it is currently unclear if one locus predominates in causing FHC. Development ofmore closely linked, informative probes will facilitate analyses in many more families.
Genetic heterogeneity does not explain the variable clinical expression of FHC. There are no obvious objective features of the disease in affected members from families A and B that distinguish them from affected members from families C and D. The minor clinical and echocardiographic differences demonstrated above should be viewed with caution, considering the small numbers of affected individuals analyzed. The variability of symptoms and diagnostic findings within these four families is as great as the interfamily variability and suggests that the range of clinical expression of this disease is not explained by unique causative genes or by particular mutations within responsible genes. Diverse manifestations ofthis disease in individuals within the same family suggest that developmental, physiologic, or hormonal factors regulate disease expression independent of the genetic etiology.
Evidence that FHC is genetically heterogeneous will be of importance to clinical geneticists. Prenatal or presymptomatic diagnosis of many single-gene disorders is now possible using linked genetic probes; conditions such as Huntington's disease can now be diagnosed with a high degree of accuracy in members of affected families (21) . However, these conditions exhibit genetic homogeneity and hence genetic studies done in one family can be extrapolated to other unrelated families. With FHC, it will be necessary to determine if the defective gene in an affected family exhibits linkage to FHC-I before genetic testing can be performed.
Our data demonstrate that defects in at least two different genes can cause FHC. We speculate that these separate genes encode peptides with related functions. For example, another genetically heterogeneous disorder, thalassemia, can be caused by mutations ofeither the a or ft globin genes (22) . While these genes are located on chromosomes 16 and 1 1, respectively, the function of the globin gene products are closely related. We speculate that FHC gene(s) at other loci may similarly have a gene product or function related to that of FHC-1. We further anticipate that isolation and characterization ofone FHC gene will facilitate identification of other FHC genes. Elucidation of the protein encoded by the FHC-1 gene and other FHC gene(s) should greatly improve our understanding of the molecular basis of the pathophysiology of hypertrophic cardiomyopathy.
